F ungal plant pathogenicity is facilitated by effector proteins that are specifically expressed during infection and are responsible for suppressing plant defense mechanisms. Recent studies have elucidated the detailed molecular mechanisms of effector action throughout fungal infection. However, little is known about the trafficking and secretion of effectors in fungal hyphae during the initial stage of infection. Using state-of-theart microscopy we have demonstrated that early endosome (EE) motility is required for effector production during fungal infection. Moreover, the MAPK Crk1 has been shown to travel on EEs and to function as a negative regulator of effector expression, suggesting that motile EEs are involved in signal transduction. Here I further discuss possible mechanisms whereby EE motility regulates effector expression in the initial stages of infection.
The corn smut fungus Ustilago maydis is a very well-studied plant pathogen. [1] [2] [3] Recent work in this fungus has revealed that there are several effectors essential for pathogenicity; for example, Cmu1 is a chorismate mutase that decreases the production of salicylic acid -a key defense signaling molecule, 4 and Pep1 and Pit2 are inhibitors of apoplastic plant peroxidases and proteases, respectively. 5, 6 All such effectors are specifically expressed during the infection stage to reduce plant defense responses. In addition to investigation of microbe-plant infection mechanisms, cell biological analyses have also been carried out in U. maydis. 7 In fact, the fungus is nowadays considered as a model organism for understanding the molecular mechanisms of intracellular membrane trafficking, especially regarding early endosomes (EEs), which are unique organelles showing constant rapid and long-range motility that is regulated by bidirectional motor activity, kinesin-3 and dynein. 8, 9 Despite the elucidation of the molecular mechanism of EE motility, there was little known about the physiological importance of this transport process. Indeed, it was a mystery as to why EEs are constantly in motion throughout hyphal cells given the metabolic burden inherent in this manner of active transport. Recent publications have shown that the translation machinery is delivered on motile EEs, which supports the even distribution of ribosomes inside hyphae. 10, 11 However, there was still possibility that EE motility has more physiological roles, especially in the infection phase, where the complex molecular interactions between plant and fungus remain to be fully understood. Since elongated fungal hypha most likely needs long-range communication between the tip and the nucleus, 12 EEs might be responsible for transducing signals in a similar manner to mammalian cells, where such retrograde signaling is mediated by EE motility. [13] [14] [15] [16] However, there were no reports of the involvement of fungal EE motility in signal transduction during plant infection.
First of all, to ascertain whether EEs are able to travel from the penetrating tip to the nucleus, we performed in planta microscopy of U. maydis expressing the EE marker Rab5a fused to photo-activatable GFP (paGFP 17 ). Using state-of-theart microscopy techniques, we demonstrated that approximately one fourth of EEs display a retrograde run-length that is greater than the distance between the hyphal tip and the nucleus. Then, to dissect whether EE motility plays an important role in early infection stage, we developed a synthetic EE anchoring protein (EAP) that consists of rigor mutant of Keywords: early endosome, effector, filamentous fungi, motor protein, plant pathogenicity, signal transduction, Ustilago maydis kinesin-1 motor domain, which is unable to move along the microtubule cytoskeleton, and the PX domain from the t-SNARE Yup1, which captures EEs. 18 
EAP expression successfully stops
We further demonstrated that the transcription level of these effector genes was reduced, suggesting that EE motility is involved in the level of transcription of effector genes, which is vital for pathogenicity. To further support the obtained data, we employed 2 mutants: Dhok1 and Drab5a. Hok1 is an adaptor protein essential for the attachment between motor proteins and EEs. 19, 20 Rab5a is the small GTPase specifically localized to EEs and has an important role in their function. 21 Both Dhok1 and Drab5a cells, compared with EAP expressing cells, displayed almost identical results in effector transcription and secretion and pathogenicity. Finally, to examine whether certain signaling molecules co-migrate on EEs, we focused on mitogen-activated protein kinase (MAPK) modules because they are widely conserved signaling components and are found on mammalian Rab5-positive EEs. 15 Among 6 candidate MAPK modules in U. maydis, we found that Crk1 shows co-motility with EEs and its null mutant displays enhanced transcription and secretion of effectors, suggesting that this MAPK is involved in negative regulation of effector production. Apart from Crk1, in order to tune the expression level of effector genes, there probably exists other molecules to upregulate effector production, although we could not find out. Since effector transcription is repressed in the absence of EE motility, it is reasonable to expect a reduction of effector secretion. In this respect, it is possible that effector secretion directly depends on EE-mediated trafficking -a scenario which we could not distinguish in the article. Now I propose one possible experiment to evaluate whether EE motility also contributes to effector secretion. If overexpression of an effector gene could induce effector secretion even in both the presence and absence of EAP expression, it is likely that EE motility is not responsible for effector secretion to the penetrating tip and there is another mechanism for effector secretion. Further research into whether EE motility is involved in effector secretion is needed.
Investigations of effectors expression and production by quantitative analyses and state-of-the-art microscopy have elucidated that EE motility is essential for the initial infection (Fig. 1) . However, this finding has raised several new questions, primarily: what the initial signaling molecule(s) sensed at the plasma membrane to trigger effector expression and are there more signal transducing factors on motile EEs, apart from Crk1? Recent work demonstrated that Sho1 and Msb2 are sensor proteins to induce the formation of penetrating structure appressoria, which is mediated by plant hydrophobic surface. 22 For appressoria formation, hydroxyl fatty acid is also an important factor, 23 but how it is sensed by the fungus is not known. Importantly, Sho1 interacts with a MAPK Kpp6, which affects virulence. 24 We could not observe any motility of Kpp6 in our study, thus this MAPK probably does not depend on EE motility to regulate effector expression. Also, we do not know how signaling elements can be moved from the moving organelles into the nucleus. Further dissection of the complex interplay of signal transduction between the plasma membrane through EEs to the nucleus will provide crucial information about how fungi successfully infect plants, which will also be beneficial for understanding the detailed molecular mechanisms of other microbeplant interactions.
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No potential conflicts of interest were disclosed. Figure 1 . A model depicting effector production via early endosome motility. Initial step is signaling perception from the plant surface by unidentified mechanism, which is transduced to early endosomes (EEs). Motile EEs, harboring Rab5a, Hok1, the MAPK Crk1 and likely unknown protein as signal transducing molecules, travel from the hyphal tip to the nucleus, where effector genes are expressed. Thereafter, effector proteins are delivered to the penetrating hyphal tip to be secreted into the apoplastic space between fungal and plant cell walls or even into plant cells to suppress plant defense responses. If EE motility is impaired, signaling that is crucial for effector expression cannot be transduced to the nucleus, likely even with perception of initial cue from the plasma membrane to EEs, resulting in no effector production and less virulence. 
